Abstract Despite the increasing recognition of the quantitative importance of Archaea in all marine systems, the protocols for a rapid estimate of Archaeal diversity patterns in deep-sea sediments have been only poorly tested yet. Sediment samples from 11 deep-sea sites (from 79°N to 36°N, at depths comprised from 469 to 5,571 m) were used to compare the performance of two different primer sets (ARCH21f/ARCH958r and ARCH109f/ARCH 915r) and three restriction enzymes (AluI, Rsa I, and HaeIII) for the fingerprinting analysis of Archaeal diversity using terminal-restriction fragment length polymorphisms (T-RFLP). In silico and experimental analyses indicated that different combinations of primer sets and restriction enzymes provided different values of benthic Archaeal ribotype richness and different Archaeal assemblage compositions. The use of the ARCH109f/ARCH 915r primer set in combination with AluI provided the best results (a number of ribotypes up to four folds higher than other combinations), suggesting that this primer set should be used in future studies dealing with the analysis of the patterns of Archaeal diversity in deep-sea sediments. Multivariate multiple regression analysis revealed that, whatever the T-RFLP protocol utilized, latitude and temperature explained most of the variance in benthic Archaeal ribotype richness, while water depth had a negligible role.
Introduction
Archaea are an important prokaryotic component in all marine ecosystems [3] . While 16S rDNA-based surveys have initially provided evidence for the widespread occurrence of Archaea only in oxygenated coastal waters [8] , recent studies have indicated that pelagic Archaea are abundant members of meso-and bathypelagic picoplankton [10] . Other studies have revealed that Archaea can also account for a significant fraction of prokaryotic assemblages in both coastal [14] and deep-sea sediments [26] . Given their quantitative relevance in deep-sea sediments and the strong viral impact on deep-sea prokaryotes, their role could be relevant also in biogeochemical cycling of organic matter [7] . Molecular studies have revealed how marine Archaeal populations are diverse, complex, and widespread, suggesting the need of improving our knowledge on this so-far little studied component of marine biota. In fact, Archaeal diversity and spatial patterns in deep-sea sediments, as well as the environmental factors controlling their distribution, are still very poorly known.
Fingerprinting techniques such as denaturing gradient gel electrophoresis (DGGE), terminal-restriction fragment length polymorphisms (T-RFLP), and automated ribosomal intergenic spacer analysis (ARISA) are routinely used in terrestrial and aquatic samples for investigating spatiotemporal dynamics of prokaryotic diversity [13, 27] . AR-ISA is commonly utilized for the study of bacterial assemblages, but should not be used for Archaea, due to the lack of a true intergenic spacer region (ITS) in some marine Archaea [11, 16] . T-RFLP analysis based on the 16S rRNA gene has been proposed for the study of Archaeal diversity in deep-sea sediments [12, 23] , but the protocol has not been fully evaluated, especially for the use of the best primer sets and restriction enzymes [3, 6, 8, 9, 19, 27] . In this regard, the ARCH21f-ARCH958r primer set has been utilized in both marine waters and sediments [14, 21, 28] , while the set ARCH109f-ARCH915r has been preferred in freshwater and terrestrial studies [4, 5, 23] .
Here, we investigated the performance of two primer sets and three restriction enzymes in measuring the deepbenthic Archaeal diversity, in order to evaluate: (i) whether different combinations of primer sets and restriction enzymes provide different values of benthic Archaeal diversity, (ii) whether different combinations result in different Archaeal community compositions and (iii) whether different combinations lead to different diversity patterns and ecological interpretations on the factors controlling benthic Archaeal diversity in the deep-sea.
Materials and Methods

Sample Collection
We collected sediment samples from 11 stations at depths ranging from 450 to 5,571 m (from 79°N to 36°N) covering a wide spectrum of deep-sea ecosystems, including open slopes, a trench, and a submarine canyon (Table 1) . Sediment sampling was carried out using a multiple-corer and/or a NIOZ-type box corer. Once onboard, sub-samples were collected with sterile corers (Ø 3 cm) and the surface sediment (0-1 cm) from each core transferred to sterile test tubes and stored at -20°C until analyses. Replicate subaliquots (n = 3) of the surface sediment samples were analyzed to determine the concentrations of biopolymeric C, an estimate of the organic C sources available on the sea bottom [6] .
Archaeal T-RFLP
We extracted DNA from sediments using the UltraClean Soil DNA Isolation kit (MoBio Laboratoires; [17] . Resulting combined PCR products were purified (Wizard PCR clean-up system, Promega), resuspended in 50 ll of milliQ water and quantified spectrophotometrically. About 300-600 ng of purified amplicons were digested in duplicate (37°C, 3 h) in 20-ll reactions containing 10 U of AluI or RsaI or HaeIII. These enzymes were selected after a virtual ''in silico'' T-RFLP using the Mica software (http://mica.ibest.uidaho.edu/enzyme.php). This analysis provides allows performing virtual amplifications of rRNA genes and amplicons' restrictions, based on the primer sets and restriction enzymes selected by the user [24] . We used the program enzyme resolving power analysis (ERPA), which allows the selection and analysis of restriction enzymes among a pool of 46 enzymes. It requires a pair of forward and reverse primers in order to produce the amplicons, and then the search algorithm iterates through the entire list of restriction enzymes available in MiCA. ERPA reports the number of unique forward and reverse restriction fragments digested by each enzyme. Theoretically, the best restriction enzyme is the one giving the highest number of fragments. In this study we forced the program to allow at most 0 mismatches within 0 bases from 5 0 end of primer. The results of the in silico analysis indicated that AluI, RsaI, and HaeIII were the three enzymes producing the highest number of possible restriction fragments. Restrictions were stopped by incubating at 65°C for 20 min. Fragment analyses and the interpretation of the T-RFLP electropherograms were carried out as described elsewhere [6, 17] . The amount of DNA analyzed was carefully checked and standardized before capillary electrophoresis (i.e., the same amount of digested products was consistently analyzed for both primer sets).
Data Analysis
We calculated Archaeal richness by summing the number of Archaeal ribotypes or operational taxonomic units (OTU) [6] . The presence of significant relationships between richness obtained using the two primer sets was tested by means of a Spearman-rank correlation. We tested for differences in ribotype number obtained using different primer sets and restriction enzymes using a two-way analysis of variance (ANOVA). When significant differences were encountered, a Student-Newman-Keuls (SNK) post-hoc comparison test (at P = 0.05) was conducted to identify the best combination of primers and restriction enzymes. All ANOVA and SNK tests were conducted using the GMAV 5.0 software (University of Sidney, Australia). The community composition derived from T-RFLP is best described by means of multivariate statistics [22] . The analysis of similarity (ANOSIM) was conducted to test for differences in Archaeal assemblage compositions. The significance level used was P \ 0.05. Archaeal community composition data were then ordinated by means of a multidimensional scaling analysis (MDS), based on a Bray-Curtis similarity analysis. For each primer set, a similarity matrix, containing all possible pairwise comparisons, was then generated and used to produce an MDS plot, which results in a visual representation of the Bray-Curtis similarity between samples. Both ANOSIM and MDS analyses were performed using the PRIMER v5 software (Plymouth Marine Laboratory). To assess the extent by which investigated environmental variables (water depth, latitude, longitude, bottom temperature and biopolymeric carbon concentration) explained differences in Archaeal richness, we carried out a nonparametric multivariate multiple regression analysis using the routine ''DISTLM forward'' [18] . DISTLM forward is a recently developed computer program, which allows, by performing a multivariate multiple regression on the basis of any distance measure, to identify which environmental variable(s) are responsible for the observed variation in a given biological dataset (in this case, Archaeal OTU richness).
Results and Discussion
The total number of Archaeal ribotypes, obtained by summing up all different ribotypes encountered in sediments samples collected from the 11 stations, ranged from 8 (using the A21/958 primer set in combination with HaeIII) to 81 (using A109/915 and AluI; Table 2 ). On average, the use of A109/915 primer set resulted in a number of Archaeal ribotypes approximately four times higher than the one based on A21/958. The analysis of variance revealed that, independent of the enzyme used, the A109-915 primer set always resulted in the highest number of OTUs. For both primer sets, AluI was the enzyme resulting in the highest number of OTUs as compared to all of the other tested enzymes (Table 3) . These results are in agreement with what was predicted by the in silico analysis, which indicated that A21/958 set could provide 30 fragments when utilized in combination with AluI, 26 in combination with Rsa, and 20 with HaeIII. Conversely, the same in silico analysis indicated, for the set 109F/915R, 82 fragments with AluI, 36 with Rsa and 43 with HaeIII. These results provide, for the first time, evidence of the reliability of in silico analyses for 16S rDNA Archaeal diversity studies in deep-sea sediments.
It has been recently suggested that, when using the FISH technique, the probe ARCH915 can unspecifically target some bacterial taxa [20] . Thus, the higher ribotype richness observed with A109/915 set could be due to unspecific hybridization of the reverse primer to nontarget bacterial 16S rRNA sequences. Conversely, recent studies indicated that all Archaeal primers utilized (including ARCH915) are highly selective for Archaea and do not target any bacterial sequence [1] . Using the RDP tools (http://rdp.cme.msu.edu/), we repeated the in silico analysis by Baker et al. [1] on a larger and updated 16S rDNA sequences database. Our analysis indicated that the primers 21F and 958R do not target any of the 418,650 available bacterial 16S rDNA sequences, whereas the primers 109F and 915R target only 8 of them. These results, together with a recent study based on clone libraries [9] , suggest that differences in the OTUs number observed with the two primer sets cannot be attributed to a lack of specificity of A109/915.
When the two primer sets were applied to deep subsurface sediments, the reverse primer A915 matched more sub-surface Archaeal 16S rDNA sequences than the A958 one (i.e., 66 vs. 36% of the total) [25] . Since Crenarchaeota are expected to dominate Archaeal assemblages in deepsea environments [10] , the higher performance of the primer set A109/915 compared to A21/958 could be due to better targeting of Crenarchaeota in deep-sea sediments by the former set. This is also supported by the analysis of Baker et al. [1] , who reported that the primers A109 and A915 displayed more matches, when compared with the primers A21 and A958, with Thermophilic and Nonthermophilic Crenarchaeota.
The values of Archaeal richness obtained with the two primer sets in combination with AluI were significantly and positively correlated (r = 0.731; P \ 0.05 and r = 0.848; P \ 0.01, respectively), suggesting that different primer sets provide conservative patterns of benthic Archaeal diversity when applied to large sets of samples. Although the use of fingerprinting techniques can be biased by several factors [2] , they are robust enough to allow the comparison of the patterns of Archaeal diversity in different benthic deep-sea environments [13] . Reported are also the results of the SNK test indicating the combination of primer set and restriction enzyme resulting in the highest OTUs richness. df Degree of freedom, MS mean square; *** P \ 0.001, ns not significant
We also evaluated whether the different primer sets resulted in different Archaeal community composition. The ANOSIM test, conducted to test the presence of statistical difference in assemblage composition, indicated that only the A109/915 primer set revealed significant differences among the different deep-sea sites (ANOSIM, r = 0.787, P \ 0.01). Conversely, the use of primer set A21/958 did not result in any statistical difference among the investigated sites (ANOSIM, r = 0.137, n.s.). The analysis of the structure of the Archaeal assemblages, carried out on the results obtained with AluI and based on a MDS ordination, indicated that the two primer sets provided different assemblage structures (Fig. 1) , with the A109/915 displaying a higher discriminating power.
To identify the potential drivers of Archaeal diversity in deep-sea sediments, we carried out multivariate multiple regression analyses using the software ''DISTLM forward''. This analysis revealed that, when using both primer sets, latitude and temperature, together, explained the highest proportion of Archaeal OTU richness variance (ca. 55%), whereas longitude, biopolymeric carbon concentrations, and water depth explained altogether only 8-10% (Table 4) . These preliminary results, despite being based on a relatively limited set of samples and not including other important environmental benthic variables (e.g., pH, redox potential, and grain size), suggest that benthic Archaeal biodiversity patterns are potentially influenced by both latitude and deep-sea temperatures.
All fingerprinting techniques have important limitations [2] , but can be useful to identify patterns of distribution in space and time or for selecting the samples on which perform further and more sophisticated molecular analyses. The results of our study indicate that the use of the A109/ 915 primer set in combination with AluI provided the best results and could be used as a starting point for future investigation dealing with the patterns and drivers of Archaeal diversity in deep-sea sediments. A throughout comparison with clone library and/or with pyrosequencing will allow to fully assess the reliability of the T-RFLP approach. 
